Abstract. The Krüppel-associated box zinc-finger protein 545 (ZNF545) was recently identified as a tumor suppressor in esophageal squamous cell carcinoma (ESCC). However, the role of ZNF545 in the tumorigenesis of esophageal cancer cells expressing loss-of-function mutant p53 has not been elucidated. In the present study, the role of ZNF545 in esophageal tumors and the p53-mutant ESCC cell line, KYSE150, was investigated. ZNF545 mRNA was significantly downregulated in tumors when compared with adjacent normal tissues. Methylated ZNF545 was detected in 76.6% of tumor tissues compared with 28.1% of adjacent normal tissues. Combined pharmacological treatment of KYSE150 cells with a demethylating reagent and deacetylase inhibitor restored the expression of ZNF545. Ectopic expression of ZNF545 activated p53 transcription and upregulated the protein expression levels of pivotal effectors p21 and Bax, which are associated with cell proliferation and apoptosis, respectively, in p53-mutant KYSE150 cells; while suppressing colony formation and inducing apoptosis. ZNF545 was therefore proposed as a potential tumor suppressor responsible for inhibiting the growth of p53-mutant ESCC cell lines. In addition, tumor-specific methylation of ZNF545 may represent an epigenetic diagnostic biomarker and a therapeutic target in patients with esophageal cancer.
Introduction
Esophageal cancer is a common malignancy of the digestive tract, with the sixth-highest cancer associated mortality rate worldwide (1) . Esophageal squamous cell carcinoma (ESCC) is particularly prevalent in far-eastern countries including China (2) . The 5-year survival rates of patients with early esophageal cancer has improved drastically as a result of multidisciplinary developments in treatment strategies; however, the risk of mortality from advanced esophageal cancer remains high.
Aberrant inactivation of tumor suppressor genes by promoter methylation is frequently involved in tumorigenesis. In particular, there has been accumulating evidence reveling a close association between methylated tumor suppressor-encoding genes and the development and progression of malignant tumors (3) . Zinc finger proteins (ZFPs) are the largest family of protein transcription factors in mammals. A Krüppel-associated box zinc-finger protein, ZFP82/ZNF545/KIAA1948 is considered to be a novel tumor suppressive gene that is frequently downregulated and methylated in multiple carcinomas including in breast and gastric cancer (4) . Furthermore, the biological functions of ZNF545 are reported to be involved in cell proliferation and apoptosis, and serve an important role in cancer development. It has been demonstrated previously that ZNF545 suppresses tumor progression by inhibiting nuclear factor-κB activation in ESCC cell lines; however, it is frequently methylated in ESCC (4, 5) . In addition, another previous study demonstrated that ZNF545 may be involved in regulating p53 signaling in multiple myeloma (6) .
Frequent point mutations in the tumor suppressor gene p53 have been identified in both primary ESCCs and in ESCC cell lines. Point mutations in this gene may occur at early stages of ESCC and correlate with tumor progression, indicating that they may serve an important role in ESCC. However, the role of ZNF545 remains unclear in p53-mutant ESCC cell lines.
Based on the role of ZNF545 in ESCC, the effect of ZNF545 overexpression on p53 gene expression and its downstream signaling pathways in the p53-mutant ESCC cell line, KYSE150, was investigated. In addition, the clinical significance of ZNF545 expression in patients with ESCC was examined.
Materials and methods
Tissue specimens, cell line and plasmid transfection. Fresh ESCC and adjacent normal tissues were obtained from 64 patients (mean age, 63.1±7.5; 54 males; 10 females) with no second primary malignant tumor that had undergone an esophagectomy at the Department of Cardiothoracic Surgery, Methylation-regulated ZNF545 inhibits growth of the p53-mutant KYSE150 cell line by inducing p21 and Bax the Affiliated Hospital of Southwest Medical University (Luzhou, China) from March 2015 to February 2016. All patients were newly diagnosed and had not received treatment prior to the study. Written informed consent was provided by all patients and the clinical and pathological data were obtained. The current study was approved by the Institutional Ethics Committees of the Affiliated Hospital of Southwest Medical University, and followed the principles of the Declaration of Helsinki. The esophageal cancer cell line, KYSE150, was anonymously donated by a professor from Chongqing Medical University (Chonqing, China) and was cultured in RPMI 1640 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (PAA Laboratories GmbH; GE healthcare) at 37˚C in a humidified atmosphere containing 5% CO 2 . The pcDNA3.1(+)-Flag-ZNF545 plasmid was generated as previously described (6) . To establish stably transfected cells with ectopic ZNF545 expression, the full-length expression plasmid pcDNA3.1(+)-Flag-ZNF545 was transfected into KYSE150 cells using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at a final concentration of 4 µg. The cells were then cultured and positively selected for resistance in 350 µg/ml G418 (Sigma-Aldrich; Merck KGaA) for 14 days and ZNF545 expression subsequently confirmed via semi-quantitative RT-PCR and western blotting.
DNA and RNA extraction. Total RNA was isolated from KYSE150 cells and esophageal tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), whereas genomic DNA was extracted from KYSE150 cells and esophageal tissues using a QIAamp DNA Mini kit (Qiagen GmbH) according to the manufacturer's protocol. DNA and RNA integrity were assessed using gel electrophoresis, and the nucleic acid samples were stored at -80˚C until required.
5-Aza-2'-deoxycytidine (Aza) and trichostatin A (TSA)
treatment. KYSE150 cells were seeded into 100 mm dishes at a density of 1x10 5 cells/ml. Cells were first treated with 10 mmol/l of the demethylating reagent, Aza (Sigma-Aldrich; Merck KGaA), for 3 days at 37˚C, before the addition of 100 nmol/l histone deacetylase inhibitor, TSA (Sigma-Aldrich; Merck KGaA), for a further 24 h at 37˚C in a humidified atmosphere containing 5% CO 2 , as described previously (5) . RNA was subsequently collected from cells as aforementioned for the analysis of ZNF545 mRNA expression.
Semi-quantitative reverse transcription (RT)-PCR.
RNA was quantified using the NanoDrop ND2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc.). The A260/A280 nm ratio was calculated as between 1.6 and 1.9. Subsequently, cDNA was synthesized from 1 µg total RNA using the reverse transcription (RT) system (Promega Corporation), and was stored at -20˚C until required. Semi-quantitative RT-PCR for ZNF545 was performed using treated/untreated KYSE150 cells as described previously (6) . PCR products were amplified with 32 cycles for ZNF545 and 23 cycles for β-actin using the following temperature protocol: Initial denaturation at 95˚C for 10 min, denaturation at 95˚C for 30 sec, annealing at 55˚C for 30 sec, elongation at 72˚C for 30 sec and final extension at 25˚C for 10 min. Amplification was performed using Go-Taq ® polymerase (Promega Corporation) and products were assayed on 2% agarose gels. Samples were subsequently visualized and analyzed using the ChemiDoc MP system and Image Lab 3.0 software (each, Bio-Rad Laboratories, Inc.).
RT-quantitative PCR (RT-qPCR).
GoTaq qPCR Master Mix (Promega Corporation) was used for RT-qPCR analysis, which was performed using a 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.), following which melting-curve analysis was performed. Relative target gene expression was calculated using the 2 -ΔΔCq method (7) with β-actin applied as the internal reference. The primer sequences are listed in Table I .
Bisulfite modification of DNA and methylation-specific PCR (MSP).
Bisulfite modification of DNA extracted from ESCC tissue and MSP were performed as described previously (8) . DNA treated with bisulfite was amplified using MSP with methylation-specific (M1 and M2) or non-methylation-specific (U1 and U2) primer pairs. The primer sequences are listed in Table I . MSP was performed for 40 cycles with the following thermocycling conditions: Initial denaturation at 95˚C for 10 min, denaturation at 95˚C for 30 sec, annealing at 58˚C for 30 sec, elongation at 72˚C for 30 sec and final extension at 72˚C for 10 min. MSP was performed using AmpliTaq-Gold DNA Polymerase (Applied Biosystems; Thermo Fisher Scientific, Inc.) with annealing temperatures of 60˚C for M1/M2 and 58˚C for U1 and U2. The MSP products were identified by performing gel electrophoresis with 2% agarose gels and a 100 bp DNA ladder as a marker (MBI Fermentas; Thermo Fisher Scientific, Inc.). The gels were visualized and analyzed as aforementioned.
Colony formation assay. KYSE150 cells stably transfected with pcDNA3.1(+)-Flag-ZNF545 or empty vector were seeded into a six-well plate at a density of 800 cells/well in culture media supplemented with G418. Following 14-21 days, cells were fixed using 4% paraformaldehyde for 30 min at room temperature and subsequently stained using 0.1% crystal violet solution for 15 min at room temperature. Colonies with >50 cells/colony were counted. The assay was performed three times for triplicate samples.
Flow cytometry analysis of apoptosis. To measure apoptotic cells, 2x10
5 cells were harvested with 0.1% trypsin from 6-well plates at 48 h following transfection with the ZNF545 plasmid and empty controls, and centrifugation at 400 x g for 5 min at room temperature. Apoptosis was measured by staining the cells with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI; BD Biosciences) according to the manufacturer's protocol, and was analyzed using a Navios flow cytometer with Kaluza 2.0 software (Beckman Coulter, Inc.). All experiments were performed three times for triplicate samples.
Western blot analysis.
At 48 h following transfection, cells were lysed using Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc.) supplemented with a phosphatase inhibitor cocktail (Sigma-Aldrich; Merck KGaA).
Protein concentrations were determined using bicinchoninic acid Protein Assay Reagent (Thermo Fisher Scientific, Inc.). The protein samples were subsequently denatured and 40 µg of each sample was separated by 10% SDS-PAGE before transferal onto PVDF membranes (Bio-Rad Laboratories, Inc.) (6) . Following blocking with 5% non-fat milk at room temperature for 2 h, and washing using TBS supplemented with 0.1% Tween-20, membranes were incubated overnight at 4˚C with the following primary antibodies: ZNF545 (cat. no. sc-102235 Statistical analysis. Statistical analysis was performed using SPSS software (version 13.0; SPSS, Inc.). All data were presented as the mean ± standard deviation and analyzed using Student's t-test, Wilcoxon signed-rank tests and Pearson's chi-squared tests as appropriate. All experiments were repeated in triplicate and P<0.05 was considered to indicate a statistically significant difference.
Results
Promoter methylation downregulates ZNF545 expression in ESCC tissues. The expression of ZNF545 mRNA in tumor and paired adjacent normal tissues from 15 patients diagnosed with ESCC was examined using RT-qPCR. ZNF545 mRNA was significantly downregulated in ESCC tumors when compared with adjacent normal tissues (P= 0.022; Fig. 1A ). ZNF545 expression was also restored following the pharmacologic treatment of Aza and TSA in KYSE150 (Fig. 1B) . The promoter methylation status of ZNF545 in tumor tissues (n=64) and adjacent normal tissues (n=64) was also evaluated using an MSP assay. ZNF545 promoter methylation was observed in 76.6% (49/64) of primary tumors, compared with only 28.1% (28/64) of adjacent normal tissues (P<0.001; Fig. 1C and Table II) . Lastly, the association between ZNF545 methylation and clinicopathological features in ESCC patients was investigated, but no significant association was observed for age, sex, tumor location, staging, pathologic grade or lymph node metastasis (P>0.05 for all features; Table III) .
ZNF545 transfection inhibits cell clonogenicity and induces apoptosis in ESCC cells. ZNF545 function in ESCC was
evaluated by ectopically overexpressing ZNF545 in the ESCC cell line, KYSE150 (Fig. 2A) . The effect of ZNF545 expression on KYSE150 cell proliferation was subsequently determined using a colony formation assay. The total number of colonies was significantly decreased in cells stably transfected with the ZNF545 vector (P<0.001) compared with those transfected with the control vector (Fig. 2B) . The effects of ectopic ZNF545 expression on apoptosis was then examined in KYSE150 cells using annexin V-FITC/PI double-staining. A significant increase in the number of apoptotic cells was observed in the ZNF545 overexpression group when compared with controls (P<0.001; Fig. 2C ). In support of this, a marked increase in cleaved caspases 3, 7 and 9 protein expression levels were also observed in KYSE150 cells ectopically expressing ZNF545 when compared with those transfected with the control vector (Fig. 2D) . 
ZNF545 suppresses tumors via the transcriptional activation of p53 or a p53-independent signaling pathway in p53-mutant KYSE150 cells.
In a previous study, ZNF545 was identified as a novel tumor suppressor that inhibited cell proliferation and colony formation, and induced apoptosis via TP53 reactivation in multiple myeloma (6) . The association between ZNF545 and the p53 signaling pathway was examined as a consequence of the potential tumor suppressive function of ZNF545 revealed in ESCC. RT-qPCR analysis revealed that ectopic ZNF545 expression in KYSE150 cells upregulated p53 mRNA expression when compared with those transfected with the control vector (P<0.05; Fig. 3A ), suggesting that ZNF545 may activate p53 transcription. The protein expression levels of two downstream effectors of the p53 pathway, Table II . Promoter methylation status of ZNF545 in esophageal cancer. Table III . Association between ZNF545 methylation and the clinicopathological features of patients with esophageal cancer. Bax and p21, were increased in KYSE150 p53-mutant cells transfected with ZNF545; whereas the expression of Akt was not affected by ZNF545 transfection (Fig. 3C) . Although ZNF545 may exert its tumor suppressive effects in ESCC by activating p53 transcription through a p53-dependent signaling pathway, intracellular signaling remains unclear. Furthermore, upregulating p21 and Bax expression via p53-independent signaling pathways in tumor cells with mutant p53 is another possibility (Fig. 3B) .
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Discussion
Previous studies have identified ZNF545 as a functional tumor suppressor gene in a number of solid tumors, including ESCC, and its expression is frequently silenced by promoter methylation (4,5,9,10). However, the association between p53 and ZNF545, and its downstream functions in p53-mutant ESCC remain unclear. The present study provides novel evidence for an association between ZNF545 and mutant p53 in ESCC.
To assess ZNF545 methylation as a potential epigenetic biomarker, its relevance in relation to the clinicopathological features of ESCC was also evaluated, as aberrant DNA methylation has been reported to mediate tumor suppressor gene silencing and consequent tumorigenesis (11) . As demonstrated by MSP analysis in the present study, ZNF545 methylation was detected in 76.6% of ESCC tissues when compared with 28.1% of adjacent normal tissues. However, no significant association between the clinicopathological features of patients with ESCC and the methylation status of ZNF545 was observed. In general, bisulfite sequencing PCR (BSP) is applied to discover methylation sites on genes, and MSP primers are subsequently designed according to the methylation sites to determine the optimal conditions and methods to detect methylation. BSP can yield accurate results due to subsequent sequencing analysis; however, a high number of clones are required for this, making the procedure more difficult to operate in large quantities. MSP can be used to screen a large number of specimens for the detection of methylation status. Therefore, the MSP was selected to evaluate ZNF545 methylation in clinical samples in the present study. A previous study demonstrated that ZNF545 methylation was associated with survival in patients with ESCC (5), and poor survival in gastric and hepatic cancer (12, 13) . The present study also revealed that ectopic ZNF545 expression inhibited cell growth by significantly suppressing colony formation and inducing apoptosis in ESCC cells. The biological function of p53 in tumor suppression is well established (14) . p53 activates downstream mediators of cell proliferation inhibition (p21 and growth arrest and DNA damage inducible-α) and pro-apoptotic proteins (Bax and PUMA) resulting in cell cycle arrest and apoptosis (15, 16) . In addition, the zinc finger protein, JAZ, has been reported to serve a role in mediating tumor growth by regulating p53 activity (17) . Transcriptional activation of TP53 by ZNF545 has also been reported in breast cancer (10) . Although activation of the MDM2 ubiquitin-ligase by Akt and subsequent p53 degradation have been implicated in tumorigenesis (18, 19) , no changes in Akt expression following ectopic ZNF545 expression was observed in ESCC cells in the present study, which is consistent with previous observations in multiple myeloma (6) . However, p53 mutations are more commonly observed in malignancies involving organs compared with their hematological counterparts (20) . Strategies targeting mutant p53, and altered signaling pathways exhibited in p53-mutant cells have been evaluated with the aim of uncovering novel treatments for malignancies associated with mutant p53 (20) .
The results of the present study suggest that ZNF545 may transcriptionally activate p53 and upregulate the protein expression of its potential downstream effectors, p21 and Bax, in the p53-mutant KYSE150 ESCC cell line. As the functional status of p53 in KYSE150 cells is unknown, these observations indicate that mutant p53 proteins in ESCC may retain the ability to activate p21, but also suggests that ZNF545-mediated tumor suppression may be independent of p53 (21), thus providing insights into a potentially novel tumorigenic mechanism in ESCC. Indeed, p21 can be regulated by p53-dependent and p53-independent pathways (22) . However, the mechanism by which ZNF545 may upregulate p21 and other effectors in the absence of p53 warrants further evaluation. One hypothesis is that the function of mutant p53 could be restored by specific DNA binding or transcriptional transactivation via a p53-dependent pathway (23) . Alternatively, it is possible that p21 and Bax may be upregulated by ZNF545 through an as yet undiscovered p53-independent signaling pathway, such as the nuclear factor-κB signaling pathway (24) . A further in-depth investigation of the role of ZNF545 in mutant-p53 tumors, and the potential crosstalk with other signaling pathways, will need to be performed to support the results of the present study.
In conclusion, the anti-tumor effects of ZNF545 in a p53-mutant ESCC cell line may be mediated by the transcriptional activation of p53 or by the induction of p21 and Bax by an as yet unknown p53-independent signaling pathway. In addition, activation of these potential signaling pathways during tumorigenesis may be inhibited by ZNF545 methylation. Tumor-specific methylation of ZNF545 may be a potential epigenetic biomarker for the early diagnosis of ESCC. However, data in the present study is limited by the lack of additional ESCC cell lines harboring other mutant-p53 genotypes to confirm these findings. In addition, no other ESCC cell line with upregulated expression was available to perform a ZNF545 knockdown assay. 
